appendix
Further eligibility criteria.
inclusion criteria
Eastern Cooperative Oncology Group (ECOG) performance status 0-2; life expectancy >12 weeks; adequate organ function, as defined by normal complete blood count, liver function tests [total serum bilirubin ≤1.5×upper limit of normal (ULN); serum aspartate transaminase and serum alanine transaminase ≤2×ULN (<5 times the ULN for patients with liver metastases), alkaline phosphatase <2.5×ULN (unless bone metastases were present in the absence of any liver disorders) and renal function; no major surgery, radiotherapy or chemotherapy within 4 weeks before study entry.
exclusion criteria
Therapy with a VEGF inhibitor (VEGFi) within 4 weeks before study entry, previous therapy with mTOR inhibitors (sirolimus, temsirolimus, everolimus), known hypersensitivity to everolimus or other mTOR inhibitors, chronic systemic treatment with corticosteroids or other immunosuppressive agents, known HIV or active infections, autoimmune hepatitis, active bleeding diathesis, severe or uncontrolled medical conditions, congestive heart failure or angina pectoris, history of relevant neurological or psychiatric disorders, past or current history of neoplasm other than curatively treated non-melanoma skin cancer or carcinoma in situ of the uterine cervix; metastatic involvement of the central nervous system; malabsorption syndrome or any other disorders that could affect gastrointestinal absorption; pregnancy or breastfeeding.
introduction
Cabozantinib is a small molecule inhibitor of tyrosine kinases including the hepatocyte growth factor receptor (MET) and vascular endothelial growth factor receptor 2 (VEGFR2), which are important mediators of tumor cell survival, metastasis, and tumor angiogenesis [1] . In clinical studies, cabozantinib has demonstrated activity in multiple tumor types, with responses observed both in soft tissue disease and in bone metastases [2, 3] .
Clear cell RCC tumors commonly contain mutations in the von Hippel-Lindau (VHL) tumor suppressor gene, resulting in increased expression of MET and VEGF, and concomitant increases in tumor angiogenesis, cell proliferation, and invasive growth [4, 5] . High MET expression is associated with poor pathologic features (higher Fuhrman grade and more advanced disease stage) and poor prognosis in RCC [6] , and VHLdeficient RCC cells have been shown to be more sensitive to MET targeting than their counterparts in which VHL function has been restored [7] . Also, circulating proteases that positively or negatively regulate activation of the MET ligand, hepatocyte growth factor, are frequently upregulated or downregulated, respectively, in RCC [4] .
VEGF pathway inhibitors are approved for use in metastatic RCC, but a substantial percentage of patients (9%-25%) demonstrate primary disease refractoriness to first-line anti-VEGF pathway therapy [8] . In patients who respond to these agents, acquired resistance almost invariably arises [8] . In preclinical models and some clinical studies, acquired resistance to VEGF pathway inhibitors has been shown to be associated with upregulation of alternative proangiogenic and proinvasive signaling pathways, including the MET pathway [9] [10] [11] . Thus, targeting the VEGF and MET signaling pathways simultaneously may provide advantages over targeting the VEGF pathway alone, and therefore warrants investigation in RCC.
As MET and VEGFR2 are implicated in RCC progression, this phase I study assessed the safety and tolerability of cabozantinib, which targets these pathways simultaneously, in patients with advanced RCC. Tumor response, progressionfree survival (PFS), and overall survival (OS) were also assessed. The study also included a drug-drug interaction analysis of cabozantinib with rosiglitazone, a substrate for CYP2C8, to support a New Drug Application filing for cabozantinib dosed at 140 mg daily. In this report, we present the safety and efficacy data from the RCC patients enrolled in the study (drug-drug interaction and pharmacokinetics results will be published separately).
methods patients
Adult patients with histologically confirmed metastatic RCC (with a clear cell component) were enrolled; tumors were refractory or had progressed following standard therapies and were measurable per Response Evaluation Criteria in Solid Tumors (RECIST, version 1.0) [12] . All patients had adequate bone marrow function and a Karnofsky performance score ≥70 [Eastern Cooperative Oncology Group (ECOG) performance status score ≤2]. Patients were ineligible if they had coagulation parameters ( prothrombin time/international normalized ratio or partial thromboplastin time) ≥1.5 times the upper limit of normal, were deemed at risk for gastrointestinal perforation or fistula formation, or had received radiotherapy within 14 days, cytotoxic chemotherapy within 28 days, prior tyrosine kinase inhibitor (TKI) or hormonal therapy within the longer of 14 days or 5 half-lives, or investigational agents within the shorter of 28 days or 5 half-lives before the first dose of study treatment. Patients were also ineligible if they were undergoing treatment with drugs known to be extensively metabolized by CYP2C8, inhibitors of CYP3A4 or CYP2C8 (including warfarin or other coumarin derivatives), or inducers of CYP3A isozymes. The study was approved by the institutional review board at each study center and conducted in accordance with the Declaration of Helsinki. Patients provided written informed consent according to institutional guidelines.
study design
Patients received a single dose of the CYP2C8 substrate rosiglitazone on day 1 (for the drug-drug interaction portion of the study) and began daily oral dosing of 140 mg cabozantinib on day 2. On day 22, patients who had not experienced an interruption in cabozantinib dosing or a reduction below 100 mg/day received a second dose of rosiglitazone. From day 24 onward, patients continued to receive, at the discretion of the investigator, daily cabozantinib until progressive disease (PD) or unacceptable adverse events (AEs), or patient withdrawal of consent. Treatment compliance was monitored through records of drug dispensing and return.
safety and efficacy assessments original articles Annals of Oncology count <50 000/mm 3 , grade 4 anemia, intolerable grade 2 toxicity, or any grade ≥3 toxicity. If the patient recovered within 6 weeks and toxicity was deemed unrelated to study treatment, treatment was restarted at the same dose. If the patient recovered within 6 weeks and toxicity was deemed possibly related to study treatment, drug treatment was restarted at a reduced dose, and could be re-escalated, except for cases of neutropenia or thrombocytopenia. Patients who did not recover within 6 weeks discontinued study treatment. Tumor response by MRI or CT scan was investigator-assessed using RECIST 1.0 at screening, at day 64 (±4 days), and every 8 weeks thereafter until documented PD per RECIST, death, or initiation of subsequent anticancer therapy. Response was confirmed by repeat imaging at least 4 weeks after the initial assessment. For the analysis of OS and PFS from the first cabozantinib dose, the Kaplan-Meier method was employed to estimate medians. results patients Twenty-five patients from four US centers were enrolled (Table 1) . Patients had received a median number of two prior systemic agents: 22 patients (88%) had previously received at least one VEGF pathway inhibiting therapy, and 15 patients (60%) had received an inhibitor of mammalian target of rapamycin (mTOR). Based on the Heng prognostic model, which categorizes patients treated with first-and second-line targeted therapies into risk prognosis groups, the majority of patients (80%) fell into the intermediate-risk category, with two patients (8%) in the poor risk category and three patients (12%) in the good risk category [13] .
safety
The most frequently reported non-laboratory grade 3 AEs, regardless of causality, were fatigue (20%) and diarrhea (12%) ( Table 2 ). Other grade 3 AEs reported included decreased appetite (4%), hypertension (4%), palmar-plantar erythrodysesthesia (PPE) (4%), and vomiting (4%). Three non-laboratory grade 4 events were reported in four patients including three events (12%) of pulmonary embolism (PE): one patient had a PE (deemed related to cabozantinib) followed by a peritoneal hemorrhage (deemed unrelated to cabozantinib, and associated with low-molecular-weight heparin treatment and progression of hepatic metastases), two patients had a PE (deemed related or possibly related to cabozantinib), and one patient had a mental status change (deemed unrelated to cabozantinib, and associated with hyponatremia and the presence of brain metastases).
Increased levels of thyroid-stimulating hormone occurred in 17 patients. Twelve patients had hypothyroidism, but none were grade 3 or higher ( Table 2) . No patients had a clinically significant abnormal ECG during study treatment.
AEs were listed as the primary reason for treatment discontinuation in 24% of patients. Dose reductions occurred in 20 of 25 patients: the final dose listed was 100 mg for 6 patients, 60 mg for 11 patients, 40 mg for 2 patients, and 20 mg for 1 patient. The median average daily dose was 75.5 mg efficacy Seven patients (28%) had a partial response (PR), including a patient with sarcomatoid differentiation on histology who was previously treated with sunitinib, gemcitabine, and everolimus ( Figure 1) . Five of the patients who experienced a PR were previously treated with two or more systemic therapies; three of these patients had received 2-4 prior systemic therapies, and two patients had received >4 prior systemic therapies. Among the seven patients who had responses, two patients were dosereduced to 100 mg and five patients were dose-reduced to 60 mg. Thirteen patients (52%) had stable disease as their best response, and only one patient (4%) showed evidence of primary refractory disease with PD as their best response. The duration of response ranged from 1.7 to ≥16.6 months; the median duration of response has not yet been reached.
Nineteen of 21 assessable patients (90%) with ≥1 post-baseline scan experienced tumor regression ( Figure 2A) ; post-baseline tumor assessments were not available in four patients who discontinued study treatment before the first scheduled postbaseline assessment. The median PFS was 12.9 months with a median follow-up of 14.7 months (range, 11.2-21.8 months) ( Figure 2B ). Median OS was 15.0 months with a median followup of 28.3 months (range, 24.8-35.5 months) ( Figure 2C ). Clinical activity against metastatic lesions in bone was observed in some patients (supplementary Figure S1 , available at Annals of Oncology online).
discussion
Anticancer therapies targeting the VEGF signaling pathway have extensively been evaluated in patients with RCC, and these therapies now play an important role in the treatment of many of these patients. However, patients treated with these agents eventually experience disease progression and therefore need additional treatment options. Compelling evidence for a role for MET in the disease pathophysiology and in the development of resistance to therapies targeting the VEGF signaling pathway makes cabozantinib an attractive candidate for evaluation in RCC. Therefore, we utilized a drug-drug interaction study of cabozantinib in cancer patients as an opportunity for such an assessment.
In this study, treatment with cabozantinib generally yielded a safety profile similar to that seen with other VEGFR TKIs in RCC patients [14] [15] [16] [17] . The most common non-laboratory AEs regardless of causality were fatigue, diarrhea, nausea, decreased appetite, and PPE. The incidence of PPE in this study was 36% (all grades) or 4% (grade 3 or higher). This rate of PPE is lower than was observed in a phase III trial of cabozantinib in medullary thyroid cancer (MTC; 50%/13%) [18] , and is comparable to or lower than the rates observed with four other TKIs in phase III studies in RCC [16, 17] .
Hypertension, a common cardiovascular AE of antiangiogenic drugs, was reported in 32% (all grades) or 4% (grade 3 or higher) of patients. These rates are comparable to or lower than those reported with other agents targeting VEGFR [14] [15] [16] [17] , potentially indicating that VEGFR inhibition (and thus VEGFR-dependent clinical efficacy) may not have been maximal in this study. However, only 25 patients contributed to the safety analysis in this study, whereas larger trials of cabozantinib in MTC and castration-resistant prostate cancer (CRPC) [3, 18] showed hypertension and other AEs occurring at rates that are more consistent with other VEGFR inhibitors in RCC [14] [15] [16] [17] . PE was observed in three patients (12%) in this study, and also has been observed in clinical studies with cabozantinib in CRPC (7%-11%) and MTC (2.3%) [3, 18, 19] . In addition, PE has been observed in heavily pretreated RCC patients in other studies [20, 21] . Importantly, ongoing phase II and III studies will characterize cabozantinib's AE profile in larger populations of RCC patients.
Cabozantinib demonstrated clinical activity in heavily pretreated RCC patients, with a response rate of 28% and median PFS of 12.9 months. Other anti-angiogenic TKIs have also demonstrated activity in RCC patients who were previously exposed to at least one line of therapy. For example, in second-line RCC patients previously treated with sunitinib, response rates of 19% and 9% and median PFS of 6.7 and 4.7 months were observed with axitinib and sorafenib, respectively [17] . In the RECORD-1 trial, which compared the mTOR inhibitor everolimus to placebo in patients who had progressed on sorafenib and/ or sunitinib, median PFS for the everolimus arm was 4.9 versus 1.9 months for the placebo arm [22] . And in the recently reported GOLD trial comparing dovitinib and sorafenib in third-line RCC patients, response rates of 4% in each arm and median PFS of 3.6-3.7 months were observed [23] . Thus, the tumor response and PFS results with cabozantinib are noteworthy, particularly given that the patient population was heavily pretreated.
The median overall survival observed in this study was 15 months which, given the median PFS of 12.9 months, may generally imply a period of ∼2 months between progression and death. Notwithstanding any caveats in comparing these two medians (such as small sample size and potential for selection bias), we speculate that a two-month period between progression and death, if accurate, likely reflects the advanced disease in these patients, most of whom had received multiple systemic therapies before treatment with cabozantinib. PFS and OS will be prospectively and more precisely assessed in larger randomized trials of cabozantinib, including a phase II trial (versus sunitinib) in firstline RCC patients (NCT01835158) and a phase III trial (versus Bone metastases are a frequent complication for RCC patients [24] , but are often resistant to anti-angiogenic treatment [25] . Both the MET and VEGF signaling pathways appear to be important in regulating the functions of osteoblasts and osteoclasts, two key cell types in the bone microenvironment that are involved in the development of metastatic bone lesions [26] . In non-clinical studies, blockade of the development of both osteoblastic and osteolytic features of tumor xenografts implanted in bone was observed in response to cabozantinib therapy [27, 28] . Post hoc results of bone scan resolution and pain relief anecdotes have previously been reported with cabozantinib in CRPC and metastatic breast cancer patients in phase I and phase II studies [3, 29, 30] . Based on those results, and related anecdotal observations in this study, the effects of cabozantinib on bone metastases are being prospectively assessed in RCC patients in a recently initiated phase III trial (NCT01865747).
The initial daily dose of cabozantinib in this study was 140 mg and was selected to support the drug-drug interaction end point of the trial based on the maximum-tolerated dose determined in the initial phase I study [2] . However, the majority of patients in the current trial were subsequently dose-reduced to manage tolerability. Based on the long-term tolerability and clinical activity associated with doses of cabozantinib <140 mg in this and other trials [3, 19, 29, 30] , 60 mg daily has been selected as the starting dose in many ongoing or planned trials.
In conclusion, the safety profile and anti-tumor activity we have observed with cabozantinib in heavily pretreated RCC patients, most of whom had received prior therapies targeting the VEGF signaling pathway, warrant further investigation in this tumor type. references
